Figure 1: RNA 3D and 2D representations. Helices are color-coded and flexible single stranded regions are shown in gray. The blue plane represents the secondary-structure constraint conformational manifold, M, defined by Watson-Crick pairs (blue lines in 2D representation). Red patches represent sterically unfeasible regions. Moving directly from an initial conformation, q I , to a goal, q G , will frequently result in clashing atoms. Dynamic Clash-avoiding Constraints (dCC) prevent atoms A and B from approaching, but allows motion in directions orthogonal to n c or jointly along n c . The clash regions are absent in a lower-dimensional manifold M dCC (cut-out) defined by the dCC, resulting in a clash-free path between q I and q G .
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ABSTRACT
Non-coding ribonucleic acids (ncRNA) are functional RNA molecules that are not translated into protein. They are extremely dynamic, adopting diverse conformational substates, which enables them to modulate their interaction with a large number of other molecules. The flexibility of ncRNA provides a challenge for probing their complex 3D conformational landscape, both experimentally and computationally. Despite their conformational diversity, ncRNAs mostly preserve their secondary structure throughout the dynamic ensemble. Here we present a kinematics-based procedure to morph an RNA molecule between two 3D conformations, while avoiding interatomic clashes. We represent an RNA as a kinematic linkage, with * To whom correspondence should be addressed Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for third-party components of this work must be honored. fixed groups of atoms as rigid bodies and rotatable bonds as degrees of freedom. Our procedure maintains RNA secondary structure by treating hydrogen bonds between base pairs as constraints. The constraints define a lower-dimensional, secondary-structure constraint manifold in conformation space (Fig 1) , where motions are largely governed by molecular junctions of unpaired nucleotides. We furthermore introduce temporary, dynamic Clash Constraints (dCC) between atoms in close contact, which instantaneously redirect the conformational search toward sterically favorable conformations by defining a clash-free submanifold of the constraint manifold. In addition to relieving clashes, the dCC mimic transient interactions, coupling motions between distant parts of the linkage. Results. On a large benchmark set, we show that our morphing procedure compares favorably to peer algorithms, and can approach goal conformations to within a low all-atom RMSD by directing fewer than 1% of its atoms. Our results suggest that molecular junctions can modulate 3D structural rearrangements, while secondary structure elements guide large parts of the molecule along the transition to the correct final conformation.
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